Escherichia coli often carries linked antimicrobial resistance genes on transmissible genetic elements. Through coselection, antimicrobial use may select for unrelated but linked resistance or virulence genes. This study used unconditional statistical associations to investigate the relationships between antimicrobial resistance phenotypes and antimicrobial resistance genes in 151 E. coli isolates from healthy pigs. Phenotypic resistance to each drug was significantly associated with phenotypic resistance to at least one other drug, and every association found that the probability of observing the outcome resistance was increased by the presence of the predictor resistance. With one exception, each statistical association that was identified between a pair of resistance genes had a corresponding significant association identified between the phenotypes mediated by those genes. This suggests that associations between resistance phenotypes might predict coselection. If this hypothesis is confirmed, evaluation of the associations between resistance phenotypes could improve our knowledge of coselection dynamics and provide a cost-effective way to evaluate existing data until large-scale genotypic data collection becomes feasible. This could enable policy makers and users of antimicrobials to consider coselection in antimicrobial use decisions. This study also considered the unconditional relationships between resistance and virulence genes in E. coli from healthy pigs (aidA-1, eae, elt, estA, estB, fedA1, stx1, and stx2). Positive statistical associations would suggest that antimicrobial use may select for virulence in bacteria that may contaminate food or cause diarrhea in pigs. Fortunately, the odds of detecting a virulence gene were rarely increased by the presence of an antimicrobial resistance gene. This suggests that on-farm antimicrobial use did not select for the examined virulence factors in E. coli carried by this population of healthy pigs.
Escherichia coli often carries linked antimicrobial resistance genes on transmissible genetic elements. Through coselection, antimicrobial use may select for unrelated but linked resistance or virulence genes. This study used unconditional statistical associations to investigate the relationships between antimicrobial resistance phenotypes and antimicrobial resistance genes in 151 E. coli isolates from healthy pigs. Phenotypic resistance to each drug was significantly associated with phenotypic resistance to at least one other drug, and every association found that the probability of observing the outcome resistance was increased by the presence of the predictor resistance. With one exception, each statistical association that was identified between a pair of resistance genes had a corresponding significant association identified between the phenotypes mediated by those genes. This suggests that associations between resistance phenotypes might predict coselection. If this hypothesis is confirmed, evaluation of the associations between resistance phenotypes could improve our knowledge of coselection dynamics and provide a cost-effective way to evaluate existing data until large-scale genotypic data collection becomes feasible. This could enable policy makers and users of antimicrobials to consider coselection in antimicrobial use decisions. This study also considered the unconditional relationships between resistance and virulence genes in E. coli from healthy pigs (aidA-1, eae, elt, estA, estB, fedA1, stx1, and stx2). Positive statistical associations would suggest that antimicrobial use may select for virulence in bacteria that may contaminate food or cause diarrhea in pigs. Fortunately, the odds of detecting a virulence gene were rarely increased by the presence of an antimicrobial resistance gene. This suggests that on-farm antimicrobial use did not select for the examined virulence factors in E. coli carried by this population of healthy pigs.
Antimicrobial resistance (AMR) is a serious concern in human and veterinary medicine. Resistant bacterial infections are associated with increased morbidity, mortality, and treatment expense compared to their susceptible counterparts (3, 4, 40) . Resistant commensal E. coli, while rarely causing direct disease, is a reservoir of AMR genes. These genes can be transferred to zoonotic pathogens, such as Salmonella, or to other gram-negative bacteria in the gut (42, 43) . Pathogenic and commensal strains of E. coli have different rates of resistance and can carry different genes (10, 41) . Therefore, describing the AMR genes in commensal E. coli isolates documents the diversity of genes available for dissemination to other bacteria.
In a previous paper, we described the frequency and patterns of phenotypic AMR in E. coli from healthy grow-finish pigs in western Canada. Of 1,439 isolates, 21% were susceptible to all of the 16 drugs considered, while 57% were resistant to two or more antimicrobials (33) . This paper describes the presence of resistance and virulence genes in a subset of those isolates. The data were explored through three sets of analyses. First, unconditional associations between resistance genes were assessed; these associations generate hypotheses about the physical relationships between genes that dictate coselection. Secondly, associations among resistance phenotypes were analyzed and compared to the associations among resistance genes. Identifying similar relationships in these analyses would suggest that phenotypic resistance data could also generate hypotheses about coselection. Finally, associations between resistance and virulence genes were investigated. Other investigators have reported more frequent resistance, physical linkages, and statistical associations between resistance and virulence genes in pathogenic E. coli (10, 41) . This has created concern that antimicrobial use may contribute to the persistence and spread of virulence in E. coli (24, 27, 46) . Describing similar associations in commensal E. coli would indicate a potential for antimicrobial use to increase virulence in E. coli carried by healthy pigs.
MATERIALS AND METHODS
Bacterial isolates. A total of 151 E. coli isolates were selected from 1,439 isolates that had been collected from healthy grow-finish pigs in 20 herds in western Canada and previously characterized for phenotypic antimicrobial susceptibility to 16 drugs (33) . Isolate selection was purposive to ensure that each of the eight following outcomes occurred in a minimum of 15 isolates: resistant to ampicillin, chloramphenicol, kanamycin, streptomycin, sulfamethoxazole, tetracycline and trimethoprim-sulfamethoxazole and susceptible to all 16 of the tested antimicrobials. These outcomes were selected because more than 5% of the 1,439 available E. coli isolates were resistant to these antimicrobials (33) . Only these seven resistance phenotypes and genes encoding resistance to these seven drugs were considered in this study. Clustering was minimized by selecting a maximum of one isolate per pen while maintaining the original herd distribution.
AMR gene detection. DNA hybridization was used to test for 28 AMR genes (Département de Pathologie et Microbiologie, Faculté de Médecine Vétérinaire, Université de Montréal, Saint-Hyacinthe, Québec, Canada). The strains used as positive controls and templates for DNA amplification were obtained from different laboratories (Table 1) (10, 25, 26, 41) . These strains were maintained as frozen stocks at Ϫ80°C in tryptic soy broth medium containing 10% glycerol (vol/vol). They were propagated on Luria-Bertani broth or agar containing one of the following antimicrobial agents at the appropriate concentration(s): ampi- cillin (50 g/ml), gentamicin (30 g/ml), kanamycin (50 g/ml), tetracycline (10 g/ml), chloramphenicol (10 g/ml), trimethoprim (10 g/ml), and sulfamethazine (200 g/ml).
The PCR primers used in this study have all been previously described, as have their amplified product sizes and the references for the corresponding strains used as amplification templates (Table 1) (10, 25, 26, 41) . Amplifications were performed with 5 l of supernatant from bacterial preparations that had been boiled for 10 min (15) . The PCR mixture (total volume, 50 l) included 29.6 l of H 2 O, 5.0 l of 10ϫ PCR buffer (Amersham Pharmacia Biotech Inc., Piscataway, NJ), a 10 mM concentration of each of the four deoxynucleoside triphosphates, 1 U of Taq DNA polymerase (Amersham Pharmacia Biotech Inc.), 25 pmol of each primer, and 5 l of template. DNA amplification was carried out in a GeneAmp PCR system 9700 (Perkin-Elmer, Foster City, CA) by using the following conditions: 5 min at 94°C, followed by 30 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 1.5 min. A 3-l aliquot of the PCR product was verified for size and purity by gel electrophoresis (1.2% [wt/vol] agarose in 1ϫ Tris-acetate-EDTA buffer). Colony hybridizations were performed as previously described (20) . Briefly, each bacterial colony was grown on LB-agarose medium and applied to filter paper (541; Whatman Inc., Florham Park, NJ). Colonies were lysed, dried, exposed to amplified probes that had been labeled with [␣-32 P]dCTP by using a DNA labeling beads kit (Amersham Pharmacia Biotech Inc.), and washed. Film was exposed to the marked colonies and developed. Black spots corresponding to a colony were interpreted as a positive result (20) .
Virulence gene detection. Eight virulence factors that are carried by E. coli causing gastrointestinal disease in humans (AIDA1, intimim, VT1, and VT2) or pigs (intimin, F18, LT, STa, and STb) were selected for testing (2, 6, 9, 45) . Virulence gene testing was conducted by Prairie Diagnostic Services, Saskatoon, Saskatchewan, Canada. Each strain was grown up on blood agar plates, and two to four E. coli colonies were randomly selected and mixed in 400 l of D-Solution (4 M guanidinium thiocyanate, 25 mM Na citrate at pH 8.0, 0.5% sarcosyl, 0.1 M ␤-mercaptoethanol [700 l in 100 ml]) (Sigma, Oakville, Ontario, Canada). To each tube, 100 l of Tris-EDTA buffer-saturated phenol (Sigma) and 100 l of chloroform (Sigma) were added, and the contents of the tube were mixed. The DNA was lysed by incubation at Ϫ20°C for 10 min and then centrifuged for 5 m at 4°C and 15,000 ϫ g, and the aqueous layer was removed. The process of washing, mixing, and centrifuging was repeated at least once or until the interface was clear. A total of 500 l of 95% salted ethanol (VWR, Luterworth, Leicestershire, England) was added, inverted to mix, and incubated for 1 to 12 h at Ϫ20°C. The tube was then centrifuged for 15 m at 4°C at 15,000 ϫ g, and the ethanol was decanted off. The DNA pellet was dried for 5 to 10 min at 30 to 35°C and dissolved in 80 to 100 l of sterile water.
Oligonucleotide primers were used for the detection of virulence-associated genes (Table 2 ). Bacterial DNA amplification was performed in 30 l of sterile, ultrapure water, 5 l of 10ϫ PCR buffer, 4 l (25 mM/l) of MgCl 2 , 0.5 l of the deoxynucleoside triphosphates (25 mM/l), 0.5 l of Taq polymerase (5 U/l), and four primers (2 l per primer, or 20 pmol/l) (Fermentas, Burlington, ON, Canada). Two microliters of DNA was dispensed into each tube, and the tubes were centrifuged for 30 s and then immediately placed into the preheated cycler. The cycler denatured the DNA for 2 min at 94°C and then amplified it by 35 cycles as follows: denaturing for 30 s at 94°C, annealing of primers for 30 s at 60°C, and extension for 30 s at 72°C. Final extension occurred for 10 min at 72°C, and the reaction was concluded at 10°C. The PCR amplicons were visualized following electrophoresis on 1.25% agarose gel and staining with ethidium bromide. Amplicons were compared to a sterile negative control and a positive reference strain (Table 2) . Results were recorded with an Alpha Imager documentation camera (Fisher Scientific, Ottawa, Ontario, Canada).
Statistical analyses. MIC, AMR gene, and virulence factor data were maintained in a relational database (Microsoft Access; Microsoft Corporation, Redmond, WA). For the purpose of this analysis, isolates with intermediate MICs were considered susceptible. Descriptive and nonparametric statistical analyses were performed with commercially available software (SPSS, version 14.0, for Windows; SPSS, Chicago, IL) while tests of association were conducted using generalized estimating equations (PROC GENMOD; SAS, version 9.1, for Windows; SAS Institute, Cary, NC). Model outcomes were at the isolate level and were adjusted for clustering of resistance within herds.
The association between the number of drugs in each isolate's resistance phenotype (outcome) and the number of resistance genes detected (predictor) was investigated using a Poisson distribution, a log link function, and an exchangeable correlation structure. Associations were considered statistically significant at a P value of Ͻ0.05 and were reported as a risk ratio (equal to exp␤) with 95% confidence intervals (CI).
Resistance to each drug was described in two ways: (i) an isolate had a "resistant" phenotype if the MIC was greater than the breakpoint, and (ii) an isolate had a "resistant" genotype if it carried a gene encoding for resistance to that drug. The agreement between these descriptions was evaluated using the kappa statistic (), and unconditional associations (odds ratios [OR]) (16) . Each resistance phenotype was evaluated to determine whether it was associated with a summary description of the resistance genes (presence or absence of any resistance genes for that drug) and then whether it was associated with each individual resistance gene for that drug.
Three additional sets of analyses were conducted. The first set evaluated the unconditional associations between individual AMR genes. The second set described the unconditional associations between the various resistance phenotypes. The final set of analyses described the unconditional association between each AMR gene and the presence of each virulence factor. All models had a logit link function, binomial distribution, and exchangeable correlation structure. The association between each variable of interest and outcome was considered significant at a P value of Ͻ0.05 and was reported as an OR (exp␤) with a 95% CI (16) . Genes observed in less than 2% of the isolates were not considered in any analyses to avoid problems with model power, stability, and convergence. Associations of interest with a zero in the contingency table were noted and evaluated for significance with a two-sided Fisher exact test (significant at a P value of Ͻ0.05). 
RESULTS
Most isolates examined in this study were resistant to at least three of the seven drugs and carried at least three AMR genes (Table 3 ). Only 11% of the isolates were susceptible to all of the tested drugs, and 9% had no resistance genes. The number of AMR genes detected in an isolate was a significant predictor of the number of drugs in its resistance phenotype (risk ratio, 1.19; 95% CI, 1.15 to 1.24; P ϭ 0.0001).
In this sample, the most common resistance genes identified were tetA and tetB. The second-most-common resistance genes were for streptomycin; all isolates with strA also carried strB. Therefore, all analyses considered these genes as one unit, the strA-strB gene pair. Five resistance genes were detected in less than 2% of the isolates ( On average, 7.6 isolates were tested from each herd (range, 4 to 10). For the three drugs to which phenotypic resistance was most common, more than one type of resistance gene was identified in most herds. All three tetracycline efflux genes were detected in 2 herds, two were identified in 16 herds, and only one was noted in 2 herds. All three dihydropteroate synthetase (sul) genes were detected in 5 herds, two were detected in 10 herds, and one was detected in 4 herds. One herd had no sul genes detected even though four sulfamethoxazole-resistant isolates were detected in the herd. One herd had three streptomycin resistance determinants, 12 herds had two, and 7 herds had one.
The agreement between resistance, as described by phenotype and genotype, ranged from a of 0.85 for ampicillin to 0.33 for sulfamethoxazole. No outcome had perfect agreement because every antimicrobial outcome had some isolates with a resistant phenotype but no genetic explanation (Table 4 ). This was most pronounced for chloramphenicol resistance; no isolates carried any of the three chloramphenicol resistance genes examined. The reverse situation also occurred. Twelve different resistance genes were identified in at least one susceptible isolate. Despite these inconsistencies, each set of resistance genes was a significant predictor of its resistance phenotype, except for resistance to chloramphenicol. When each gene was considered individually, only sul3 was not a significant predictor of its own phenotypic resistance. Three genes, aph(3Ј)-1a, dhfrXIII, and sul3, were not associated with any other resistance gene. In contrast, sul1 was associated with five other genes. Three associations showed an increased probability of detecting sul1 in the presence of another gene, while two suggested a decreased probability ( Table  5 ). The strongest association identified was between aadA1 and sul1.
Phenotypic resistance to each drug was associated with phenotypic resistance to at least one other drug, and every identified association was positive (showed an increased probability of observing the outcome resistance in the presence of the predictor resistance) ( Table 6 ). The OR could not be estimated for six pairs because no isolates demonstrated one of the combinations of resistance and susceptibility (i.e., 0-0, 0-1, 1-0, or 1-1, where 0 indicates the absence of the phenotype and 1 indicates its presence). However, these resistance combinations were all highly significant on nonparametric analysis (Fisher's exact test, P Ͻ 0.0001). Importantly, with the exception of the association between tetA and dhfrI, every significant association between AMR genes (Table 5 ) matched a significant association between the phenotypes encoding those genes (Table 6) .
One virulence factor, LT (encoded by elt), was not identified, and another, VTI (stx1), occurred in one isolate. The remaining factors were identified more frequently: intimin (eae), 17 isolates; F18 (fed1), 17; STb (estB), 23; AIDA (aida-1), 49; STa (estA), 52; and VT2 (stx2 or stx2e), 58. Thirty-two percent of the E. coli isolates had no virulence factors identified while almost half carried two or more ( Table 1 ).
The number of AMR genes identified in an isolate was not associated with the number of virulence genes detected (P ϭ 0.97), nor was there an association between the presence of any resistance gene and any virulence gene (P ϭ 0.92). Three unconditional associations were identified between the presence of a specific AMR gene and a virulence factor. The odds of identifying STb were 4.7 times higher (95% CI, 1.1 to 21; P ϭ 0.04) in isolates carrying dhfrXIII. The odds of identifying VT2 were 5.2 times higher (95% CI, 1.7 to 16; P ϭ 0.004) in isolates carrying dhfrI. The odds of identifying AIDA were decreased 0.5 times (95% CI, 0.2 to 0.9; P ϭ 0.03) in isolates with tetB.
DISCUSSION
This study described the distribution of resistance and virulence genes in E. coli isolates from healthy grow-finish pigs in Alberta and Saskatchewan swine herds. It also described the associations between resistance genes, between resistance phenotypes, and between resistance and virulence genes. The absolute frequency of genes and phenotypes in these isolates do not necessarily represent the prevalence of these characteristics in the study herds or other herds in western Canada because isolate selection was not random. Therefore, absolute prevalence data should not be extrapolated beyond this study, and interpretation of the associations and relative frequencies should be carried out with some care. Despite this limitation, comparing the genes found in these isolates to other North American reports is worthwhile because, to the authors' knowledge, other descriptions of AMR genes in E. coli from healthy pigs in western Canada are not available, and few studies have taken this approach to investigating gene associations. 
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Phenotypic and genotypic AMR. Tetracycline was the most common phenotypic resistance. Although at least 36 genes encode tetracycline resistance, two efflux genes explained more than 90% of the resistance in these isolates (14) . This was similar to other reports of commensal and pathogenic E. coli from pigs (10, 11, 22, 26) . The next most commonly identified genes encoded streptomycin resistance. In contrast to an Ontario study where E. coli from healthy pigs carried aadA genes almost twice as frequently as strA-strB (10), these isolates more commonly carried strA-strB. This finding could reflect regional differences but could also be an artifact of isolate selection. Resistant isolates (MIC Ն 64) were more likely to be selected. These isolates would be more likely to carry strA-strB because these genes encode a higher level of resistance (MIC Ն 64) than the adenylating genes (aadA), which result in MICs of Ͻ64 (10, 38). The sul3 gene was first described in 2003 in Switzerland (29) . It has since been reported in E. coli from pigs in Ontario (Canada), Oklahoma, and numerous European countries (8, 10, 19, 34, 39) . The sul3 gene appears to be widespread in western Canada as it was the most common sulfonamide resistance gene in this study and was identified in two-thirds of study herds. Finally, resistance to ampicillin was well described by bla TEM , which was similar to a description of E. coli O149:K91 from sick pigs in Quebec, Canada (26) .
In contrast to the above resistance types, which were well described by the genes examined, resistance to kanamycin, trimethoprim-sulfamethoxazole, and chloramphenicol were poorly explained. Only 59% of the kanamycin and 42% of the trimethoprim-sulfamethoxazole resistant E. coli isolates carried a putative resistance gene. Future studies may need to consider more of the known dihydrofolate reductase and kanamycin resistance genes (30, 36) . Even more notable was the failure to identify any chloramphenicol resistance genes. Although many different chloramphenicol resistance genes have been described, three have been reported in E. coli from North American pigs (8, 35, 41) . Resistant E. coli from healthy pigs in Ontario, Canada, and sick pigs in the United States predominately carried cmlA, while catI and floR occurred less frequently (8, 41) . Considering that chloramphenicol has been banned in Canadian livestock since 1985 (20a), resistance has presumably been maintained through coselection of chloramphenicol genes with other resistance and virulence genes (7, 41) . Future research should investigate what chloramphenicol resistance genes are prevalent in western Canada. Identifying sul3 in various populations gave insight into how resistance can spread (8, 10, 19, 29, 34, 39) . Similarly, describing differences in the chloramphenicol resistance genes between pig populations might provide insight into barriers for the spread or persistence of resistance genes.
Two methods described AMR: measurement of MIC and assessment of resistance genes. These tests had fair ( of 0.2 to 0.4) to almost perfect ( of Ͼ0.8) agreement (16) . Yet no resistance outcome was in complete agreement. Isolates with resistance phenotypes but with no AMR genes were identified, as were isolates with susceptible phenotypes that carried resistance genes. The apparent contradiction of susceptible isolates carrying resistance genes has two possible explanations. First, there is a biological explanation. Resistance genes may be unexpressed if they are distant from or associated with a weak promoter in an integron. Similarly, free gene cassettes (not incorporated into an integron) are silent because the integron's promoter is required for expression (13, 17) . Both of these situations could create a susceptible isolate that carries resistance genes. Low MIC test sensitivity provides an alternative explanation. Isolates could be falsely categorized as susceptible if the MIC breakpoint is higher than the resistance imparted by the gene. Such a situation is well known with aadA genes and streptomycin resistance (10, 38) .
We previously described the clustering of phenotypic resistance within these herds. Based on those findings, we suggested that investigating herd-level risk factors for resistance could be rewarding (33) . Finding that most herds had more than one type of resistance gene for tetracycline, sulfamethoxazole, and streptomycin has prompted us to modify that conclusion. Ideally, on-farm studies exploring the relationship between antimicrobial use and resistance should use resistance genes rather than phenotypes as outcomes. Phenotype may be too crude of a measure to adequately explain coselection since antimicrobial exposure does not appear to coselect for all genes encoding a given phenotype. For example, we previously reported that the odds of phenotypic trimethoprim-sulfamethoxazole resistance were 4.6 times higher in E. coli from herds with sulfonamide use in nursery pigs (31) . However, sulfonamide exposure may not select for all types of trimethoprim resistance equally as dhfrI was associated with sul1 and sul2 while dhfrXIII was not associated with any sul gene. Exploring the relationship between antimicrobial exposures and AMR genes may even explain some of the negative associations between antimicrobial use and phenotypic AMR previously reported in E. coli from healthy pigs (1, 31) .
Positive statistical associations between resistance genes may reflect gene linkages and, thus, cotransmission via plasmids, transposons, or integrons while negative OR might indicate gene incompatibilities (10, 41) . For example, the strong association between aadA-1 and sul1 might be explained by the presence of aadA in gene cassettes and sul1 in type I integrons, which collect gene cassettes. Plasmid incompatibilities have been proposed as an explanation for negative associations between tetA and tetB (10) . In general, our findings concurred with previous reports (10, 39) . As in E. coli from pigs in Ontario, two sets of resistance genes were observed (10) . One set included tetA, aadA-1, and sul1 while the other included tetB, bla TEM , strA-strB, and sul2. Boerlin et al. did not consider trimethoprim or beta-lactam resistance genes. However, in E. coli isolated from various types of meat in Norway, a positive association was noted between sul1 and dhfrI (39) . To our knowledge, the association between tetB and bla TEM has not been previously reported. Future studies should investigate this gene pair association. Both extended-spectrum beta-lactams and tetracycline are used in pigs in western Canada (32) . If exposure to one drug class increases resistance to the other, barns that use either class or that cycle between them could be selecting for resistance to both.
Interestingly, our findings were distinctly different from the associations described in E. coli isolates from sick pigs in Quebec, Canada. For example, the association between sul1 and tetA was negative in Quebec but positive in this and other studies (10, 26, 39) . Different E. coli types (i.e., enterotoxigenic E. coli [ETEC] , pathogenic but non-ETEC, and commensal) carry different AMR genes or the same genes at different frequencies (10, 41) . So, it is plausible that the contradictions between this study and that of Maynard et al. are because the E. coli strain was not accounted for in the analysis (26) .
Multiple-drug resistance is generally described as a phenotype pattern rather than as a pairwise association between drug resistances. While patterns depict the relationships between many drugs, they are difficult to compare between populations. Our findings suggest that statistical associations between resistance phenotypes might predict coselection because almost every associated pair of resistance genes was matched by an association between those genes' purported phenotypes. The only exception was the association between tetA and dhfrI, which lacked a corresponding association between tetracycline and trimethoprim-sulfamethoxazole resistance. Although this hypothesis requires validation, it could advance our knowledge of coselection dynamics and provide a cost-effective way to evaluate existing AMR phenotype data until obtaining genotype data becomes feasible on a large scale. Thus, future research should investigate the similarity of gene and phenotype associations in other populations and data sets. Such research would have practical applications if it allowed antimicrobial prescribers to consider the effects of the use of a specific drug on resistance to other drugs.
AMR and virulence genes. Postweaning diarrheas are a problem in the North American swine industry. Herds with scours outbreaks experience increased mortality and decreased productivity, which results in financial losses (2) . Diarrheas are often attributed to ETEC carrying the F18 fimbrial adhesion gene (fedA1) and the virulence factors LT, STa, and STb (2, 45) . Intimin, encoded by the eae gene, is known for its role in causing attaching and effacing lesions in non-ETEC diarrheas (2, 45) . E. coli virulence factor genes are often located on plasmids or transposons. These virulence factors can be linked to AMR genes (10, 41) , creating the potential for antimicrobial use targeted at diarrheas to coselect for virulence genes and worsen disease severity.
The extent that E. coli from healthy pigs carries linked resistance and virulence genes has not been studied extensively. To address this question, virulence genes fedA1, elt, stA, stB, and eae were examined. If these genes were commonly associated with AMR genes in E. coli carried by healthy pigs, it would indicate that there is extensive potential for antimicrobial use to select for virulence traits in pigs. Such knowledge could influence the antimicrobial use decisions of swine producers and veterinarians, particularly the decision to use antimicrobials for disease prevention or growth promotion. This study's findings indicate that linkages between the examined resistance and virulence genes were not prevalent in this sample. Thus, on-farm antimicrobial use does not appear to be selecting for these virulence factors in commensal E. coli in the studied pig population.
The hypothesis that on-farm drug use could select for more severe food-borne disease was also explored by studying the relationship between AMR and virulence genes in E. coli from healthy pigs. Verotoxigenic E. coli can cause outbreaks of diarrhea in humans, with devastating sequelae including hemolytic-uremic syndrome and hemorrhagic colitis. The primary virulence factors carried by verotoxigenic E. coli are VT1 and VT2, and a relationship between VT2 and intimin has been identified (9) . The virulence factor AIDA1 is associated with infantile and neonatal diarrheas caused by enteropathogenic E. coli (6) . Healthy pigs can harbor E. coli carrying these virulence genes in their gastrointestinal tracts, and as these animals are near to market, their intestinal bacteria have the potential to contaminate food and cause food-borne disease. Fortunately, we observed no positive associations between the tested AMR genes and VT1, VT2, or intimin in E. coli from healthy grow-finish pigs. Had resistance and virulence genes been commonly associated, it would have suggested that onfarm drug use could create food safety risks beyond residues and resistance.
Although the findings of this study differ from previous reports of numerous associations between resistance and virulence genes, the results are not contradictory (10, 41) . Travis et al. identified no associations between cmlA, the predominant chloramphenicol resistance gene in commensal E. coli, and the virulence genes tested. This was in contrast to numerous associations between catA1, the predominant chloramphenicol resistance gene in the ETEC, and the virulence factors tested (41) . The relationships between resistance and virulence genes appear strain specific; in interpreting studies describing such relationships in a specific type of bacteria, investigators must be cautious to not extrapolate their findings to different bacterial populations.
Limitations and conclusions. This study considered the seven resistance phenotypes observed in more than 5% of a sample of E. coli isolates collected from healthy pigs. Selection ensured that these resistance phenotypes occurred in more than 10% of these isolates. This restriction minimized problems with statistical power. Due to practical constraints, only some of the resistance genes known for each antimicrobial agent were considered. Future investigations in this region should consider additional genes for chloramphenicol, trimethoprim, and kanamycin resistance as these were poorly explained.
In reality, resistance genes do not interact as isolated pairs but as parts of an interconnected system. While we do not have sufficient data to present these relationships as causal pathways or multivariate models, associations between resistance genes and phenotypes appear to provide insight into coselection. If validated, this simple statistical approach may identify unforeseen repercussions from antimicrobial use. This is an important finding, as it would allow policymakers and users of antimicrobial agents to consider coselection in decisions about antimicrobial use.
